RNA polymerase III transcribes structurally diverse group of essential noncoding RNAs including 5S ribosomal RNA (5SrRNA) and U6 snRNA. These noncoding RNAs are involved in RNA processing and ribosome biogenesis, thus, coupling Pol III activity to the rate of protein synthesis, cell growth, and proliferation. Even though a few Pol II-associated transcription factors have been reported to participate in Pol III-dependent transcription, its activation by activator protein 1 (AP-1) factors, c-Fos and c-Jun, has remained unexplored. Here, we show that c-Fos and c-Jun bind to specific sites in the regulatory regions of 5S rRNA (type I) and U6 snRNA (type III) gene promoters and stimulate their transcription. Our chromatin immunoprecipitation studies suggested that endogenous AP-1 factors bind to their cognate promoter elements during the G1/S transition of cell cycle apparently synchronous with Pol III transcriptional activity. Furthermore, the interaction of c-Jun with histone acetyltransferase p300 promoted the recruitment of p300/CBP complex on the promoters and facilitated the occupancy of Pol III transcriptional machinery via histone acetylation and chromatin remodeling. The findings of our study, together, suggest that AP-1 factors are novel regulators of Pol III-driven 5S rRNA and U6 snRNA expression with a potential role in cell proliferation.
Introduction
RNA polymerase III (Pol III) is the largest enzyme among RNA polymerases with 17 subunits and is responsible for the synthesis of a range of short noncoding RNAs (ncRNAs) including 5S ribosomal RNA (5S rRNA), U6 small nuclear RNA (U6 snRNA), and different tRNA [1] [2] [3] . These untranslated Pol IIIdependent transcripts, along with Pol I-transcribed rRNAs, constitute essential components of the protein biosynthetic machinery and hence are crucial for cell growth and proliferation. In addition, Pol III transcribes other small ncRNAs such as RNase P, 7SL RNA, 7SK RNA, vault RNA, Y RNA, and short interspersed elements (SINEs). In higher eukaryotes, Pol III engages unique transcription factors for promoter stimulation similar to RNA Pol I and Pol II. However, unlike other polymerases, Pol III can recognize three different types of promoters, viz. geneinternal promoters (type I and type II) and geneexternal promoter (type III) [4] . Type I (in 5S rRNA gene) and type II (in tRNA genes, vault RNAs genes, and in SINEs) promoters are conserved throughout the evolution, while type III promoters (for instance, in U6 snRNA gene and several other ncRNA genes) are absent in yeast and are generally found in multicellular organisms such as plants and animals [4] . The organization and mechanism of transcriptional initiation could vary in type I and II promoters. Type I promoter is composed of A and C boxes, and is initially bound by TFIIIA which is followed by the recruitment of multisubunit TFIIIC and TFIIIB complexes leading to transcription initiation. On the other hand, type II gene promoters can directly recruit TFIIIC to their promoter elements (A and B boxes) , bypassing the need of TFIIIA [5, 6] . Contrary to this, the gene-external type III promoters, require binding of proximal sequence element (PSE)-binding transcription factor (PTF), also known as snRNA activating protein complex (SNAP c ), which is strengthened by the binding of Oct-1 and Staf to the distal sequence element (DSE) at the promoter region [4, [7] [8] [9] . In the case of U6 snRNA promoter, the cooperative binding of PTF and Oct-1 is promoted by architectural changes in the chromatin involving a positioned nucleosome lying between the PSE and DSE [10] .
Transcription by RNA pol III is a tightly regulated process which directly correlates with cell growth [11] . Consistently, the rate of Pol III transcription as well as the levels of conventional Pol III transcripts are substantially elevated in highly proliferating cancer cells, whereas they are down-regulated in resting or nondividing cells [12, 13] . Moreover, alterations in cell proliferation by mitogenic stimulation are accompanied by profound changes in the levels of Pol III transcripts [11, 14] . The up-regulation of Pol III transcription is achieved by a complex interplay between tumor suppressor proteins and proto-oncogenes. For instance, tumor suppressors such as p53, retinoblastoma (Rb) protein, and Rb-related pocket proteins employ distinct mechanisms to repress RNA Pol III-mediated transcription of its target gene promoters. In type I and type II gene promoters, Rb directly interacts with TFIIIB and disrupts the formation of preinitiation complex at the promoter region, whereas it stably occupies type III (U6 snRNA) promoter along with RNA pol III to gene transcription [3, 4] . In contrast, proto-oncogenes such as c-Myc stimulate Pol III transcription by directly interacting with TFIIIB [15] . Besides, the histone acetyltransferase (HAT) p300 promotes histone acetylation and stabilizes the binding of TFIIIC to the core promoter elements in order to stimulate transcription from Pol III templates [16] .
Although many transcription factors are known to regulate Pol III activity, the role of Pol II-associated transcription factors in Pol III-dependent transcription remains largely unknown. Although these diversified RNA polymerases transcribe distinct classes of genes, they are known to share subunits as well as a number of cellular factors [17, 18] . The sharing of transcription factors among three RNA polymerases could be a mechanism for the global coordination of gene expression. A recent chromatin immunoprecipitation (ChIP)-seq study has confirmed the binding of Pol II-associated transcription factors such as c-Myc, and the activator protein 1 (AP-1) factors, c-Fos and c-Jun, to tRNA gene promoters [17] . However, the molecular mechanism underlying AP-1-mediated Pol III transcriptional activation remains elusive. In the present study, we investigated the role of c-Fos and c-Jun in promoting the activation of Pol III-dependent 5S rRNA and U6 snRNA gene promoters. We elucidate that c-Fos and c-Jun bind to the chromatin templates as a heterodimer and facilitate epigenetic modifications leading to the expression of target genes.
Results

Characterization of the AP-1-binding sites in Pol III promoters
To understand the role of AP-1 factors, c-Fos and c-Jun, in RNA Pol III-mediated transcription, we analyzed the promoter sequences of 5S rRNA (type I) and U6 snRNA (type III) gene promoters using PROMO software [19] . The bioinformatics analysis predicted the presence of four putative binding sites for AP-1 in the human U6 snRNA promoter ( Fig. 1A,B ; upper panels) and three putative binding sites in the human 5S rRNA gene upstream of the promoter sequence ( Fig. 1A,B ; lower panels). To establish the role of these AP-1 sites in transcriptional activation, we performed luciferase reporter assays using the human U6 snRNA promoter (À333 bp to +64 bp)-driven reporter construct that carries four putative AP-1-binding sites (Fig. 1A, upper panel) . Coexpression of c-Fos and c-Jun recombinants resulted in a significant increase (P < 0.01) in Pol III-mediated luciferase reporter activity (Fig. 1C) . The level of promoter stimulation increased with increasing concentrations of AP-1 expression vectors (Fig. 1D) . Furthermore, the promoter activation was specifically inhibited in the presence of c-Fos dominant negative mutant, Fos-DN, which forms an inactive complex with c-Jun [20] . This confirmed the involvement of cFos/c-Jun heterodimers in promoting the transcriptional activation of Pol III-associated promoters (Fig. 1E) .
Stimulation of Pol III target genes by AP-1 factors
As the U6 snRNA promoter-driven reporter expression could be induced by AP-1 factors, we next measured the levels of endogenous U6 snRNA and 5S rRNA transcripts following overexpression of AP-1 factors. There was a significant fourfold increase in the expression levels of U6 snRNA ( Fig. 2A) and ~twofold in 5S rRNA transcripts (Fig. 2B ) under these conditions. Furthermore, consistent to previous reports [15] , the transcript levels of both U6 snRNA and 5S rRNA were significantly enhanced in the presence of c-Myc which served as a positive control in these experiments ( Fig. 2A,B) . Interestingly, the induction of endogenous U6 snRNA transcription was specifically inhibited in the presence of Fos-DN ( Fig. 2C) , further validating the specific involvement of AP-1 factors in Pol III-mediated transcriptional regulation.
To confirm whether AP-1-mediated stimulation of Pol III target genes was through direct promoter activation or it involved some transcriptional coactivators, the Pol III reporter assay was carried out in the presence of a-amanitin-a well-established specific inhibitor of Pol II. Interestingly, no inhibition in the AP-1-stimulated reporter gene activity of U6 snRNA promoter was observed in the presence of a-amanitin (Fig. 2D) . Besides, the considerable increase observed in the endogenous levels of 5S rRNA and U6 snRNA in the presence of AP-1 factors was also resistant to Total RNA was isolated and was used to measure the transcript levels of U6 snRNA (A) and 5S rRNA (B) by RT-qPCR using specific primers (Table S2) ARPP served as internal control. Data are represented as mean AE SD of three independent experiments. Statistical significance was calculated using Student's t-test. * and ** represent statistically significant difference at P < 0.05 and P < 0.01, respectively.
treatment with a-amanitin. This suggests that the observed stimulation of U6 snRNA and 5S rRNA transcription by AP-1 is not a Pol II-mediated secondary response (Fig. 2E ). In contrast, the transcript levels of a well-studied AP-1-responsive Pol II target gene, RPS 27a, were significantly reduced upon treatment with the same concentration of a-amanitin (Fig. 2E) . Furthermore, to validate the direct involvement of AP-1 factors, c-Fos and c-Jun, in the activation of U6 snRNA promoter, we mutated all the four putative AP-1-binding sites in U6 snRNA promoter construct individually as well as in various combinations (Fig. 3A) using site-directed mutagenesis (SDM; see Materials and methods section). As shown in Fig. 3B , the luciferase reporter activity was decreased bỹ 30% when each of the four putative AP-1-binding sites was mutated individually as compared to the wild-type U6 pGL3 construct. Furthermore, to test the significance of multiple AP-1 sites in transactivation, we mutated these AP-1 elements in combination in U6-II-pGL3 (double mutant) and U6-III-pGL3 (triple mutant; Fig. 3A) . A significant decline of~45% and 55% in the reporter activity with U6-II-pGL3 and U6-III-pGL3, respectively, as compared with U6-pGL3 confirmed the importance of these AP-1-binding elements in basal transcription of U6 snRNA gene (Fig. 3A,C) . Thus, these results establish that the AP-1-mediated stimulation of Pol III target genes did not involve de novo synthesis of Pol II-dependent cofactors and therefore it is likely through a direct interaction with the promoter elements.
Expression of U6 snRNA and 5S rRNA transcripts coincides with AP-1 expression during the cell cycle As 5S rRNA and U6 snRNA are involved in the biogenesis of ribosomes which occurs in a cell cycledependent manner [21] [22] [23] , we next monitored the expression of these Pol III target genes during the cell cycle. Human embryonic kidney 293 cells (HEK293) were synchronized by serum starvation and the distribution of cells in different phases of the cell cycle was Data are presented as mean AE SD of three independent experiments. Statistical significance was calculated using Student's t-test. * and ** represent P < 0.05 and P < 0.01, respectively.
monitored by measuring the levels of key cell cycle regulators cyclin A and cyclin E. As shown in Fig. 4A , HEK293 cells remained in G1 phase till 9 h of serum stimulation followed by their G1/S transition and entry into S phase consistent with a previous report [24] . In addition, we observed that 5S rRNA gene exhibited a biphasic expression pattern during the G1 phase and G1/S transition with peaks at 6 h and 12 h, respectively and declined afterwards (Fig. 4B) . However, the levels of U6 snRNA transcripts increased during G1 phase (at around 9 h), remained high as the cells entered S phase and then declined (Fig. 4B) . Interestingly, the expression pattern of both U6 snRNA and 5S rRNA coincided with that of c-Fos and c-Jun during the cell cycle with a peak expression at around 9 h that declined as the cells progressed into S phase (Fig. 4C) . Thus, these results suggest that the expression of 5S rRNA and U6 snRNA genes is activated by mitogenic AP-1 factors during G1/S transition.
AP-1 binds to Pol III-transcribed gene promoters in a chromatin environment
To check whether AP-1 factors indeed bind to Pol III target gene promoters in cellular environment as well, we examined their recruitment on U6 snRNA and 5S rRNA promoters using ChIP assay. As shown in Fig. 5A , there was a significant enrichment of c-Fos/cJun heterodimer on both type I (5S rRNA) and type III (U6 snRNA) RNA Pol III promoters. A considerable recruitment of c-Fos/c-Jun heterodimer on a previously known AP-1-responsive Pol II target gene promoter, Cyclin D1 [25] , served as a positive control for the binding of these AP-1 factors (Fig. 5A) . The specificity of AP-1 binding was further confirmed using Fos-DN, the presence of which led to substantial decline in the occupancy of c-Jun transcription factor on U6 snRNA promoter (Fig. 5B) .
As the studied Pol III target genes were expressed mainly during G1 and G1/S transition (Fig. 4A,B) , we checked the occupancy of AP-1 factors on U6 snRNA promoter during the cell cycle. Interestingly, the temporal recruitment of both c-Fos and c-Jun on U6 snRNA promoter (Fig. 5C,D) correlated well with the expression pattern of Pol III-transcribed genes (Fig. 4B ). An enhanced recruitment of c-Fos/c-Jun heterodimer was observed on U6 snRNA promoter in the G1 phase of cell cycle which further increased as the cells transited through G1 to enter the S phase of cell cycle (Fig. 5C,D) .
AP-1 recruitment modulates the epigenetic status of Pol III target gene promoters
As transcriptional stimulation also involves chromatin remodeling and other epigenetic modifications, we next investigated the changes in chromatin architecture following the binding of c-Fos/c-Jun heterodimer on 5S rRNA and U6 snRNA gene promoters. Analysis of acetylated histone marks showed enrichment of acetylated histone H3 at lysine 9 (H3K9Ac) and acetylated histone H4 (H4Ac) on both the type I (5S rRNA) and type III (U6 snRNA) gene promoters during G1 phase of the cell cycle which peaked during the G1/S transition at 9 h (Fig. 6A,B) . Apparently, the temporal pattern of these histone modifications coincided with the expression pattern of U6 snRNA and 5S rRNA genes (Fig. 4B) . The HAT activity of p300/CBP is required for G1/S transition and is reported to be maximum at a time point preceding G1/S transition [26] . Besides, some earlier studies have shown that p300/CBP is recruited to Pol III target gene promoters resulting in their transcriptional activation via histone acetylation [16] . As we found enhanced histone acetylation at both type I and type III promoters during G1/S transition, we next checked the temporal recruitment of p300 and CBP during the cell cycle on U6 snRNA promoter. Interestingly, enrichment of both CBP and p300 on U6 snRNA promoter preceded the acetylation of histones as evident from optimal recruitment of p300/ CBP complex at 6 h following serum stimulation (Fig. 6C) .
AP-1 has been shown previously to form a complex with p300 [27, 28] . We also found that c-Jun could interact with p300 in cells (data not shown). Based on these observations, we wondered if AP-1 has a role in facilitating the recruitment of p300/CBP to the U6 snRNA promoter. Therefore, the occupancy of these HATs on U6 snRNA promoter was investigated in the presence of the Fos-DN mutant. Expectedly, there was a marked reduction in the recruitment of both p300 and CBP following the expression of Fos-DN/c-Jun as compared to overexpression of functional c-Fos/c-Jun heterodimer (Fig. 6D ). These observations were further substantiated by a significant reduction in the levels of acetylated histone marks at U6 snRNA gene promoter in the presence of Fos-DN mutant (Fig. 6E) .
As epigenetic modifications are usually followed by the recruitment of basal transcription machinery during transcriptional activation, we next examined the occupancy of Pol III (RPC53) and TATA-binding protein (TBP) on U6 snRNA promoter. As shown in Fig. 6F , there was a marked increase in the recruitment of both RPC53 and TBP on U6 snRNA promoter during G1 phase which increased further as the cells transited to S phase of the cell cycle. As expected, the recruitment of TBP on U6 snRNA promoter decreased considerably following inactivation of AP-1 factors (in the presence of Fos-DN mutant; Fig. 6D ). Together, these results strongly suggest that AP-1 (Table S2) . Serum synchronized HEK293 cells were stimulated with 10% serum for the indicated time points and were analyzed for the occupancy of AP-1 transcription factors c-Fos (C) and c-Jun (D) over that of IgG control on the U6 snRNA gene promoter by ChIP-qPCR using specific primers (Table S2 ). Data are represented as mean AE SD of three independent experiments. **Statistically significant difference at P < 0.01 calculated using Student's t-test.
factors, c-Fos and c-Jun, facilitate the recruitment of transcription machinery on Pol III-transcribed gene promoters resulting in their transcriptional activation.
Discussion
RNA Pol III transcribes a functionally heterogeneous group of essential ncRNAs including tRNA, 5S rRNA and U6 snRNA that are indispensable for gene expression, protein translation and trafficking. Hence, transcription by Pol III is strongly associated with cell growth and proliferation and is under stringent regulation. Not surprisingly, Pol III hyperactivation was initially reported to be associated with the development of myelomas in mice [29] . Subsequently, most of the transformed cell types were shown to have elevated levels of Pol III transcripts. In addition, through in situ hybridization experiments, enhanced expression of Pol III target gene products has been found in various human carcinomas as compared to the healthy controls [30] . Therefore, it is important to understand the detailed molecular mechanism underlying the transcriptional regulation of Pol III target gene promoters in various carcinomas. Transactivation of Pol III target genes broadly involves three mechanisms, viz., overexpression of Pol III-associated transcription factors, stimulation by cellular oncogenes, or release from suppression by various cellular repressors [2] . Although the regulation of Pol III target gene promoters has been the area of interest for many years, the modulation of Pol III transcriptional activity by Pol II-associated transcription factors has received little attention. In the present study, we have delineated the role of cellular AP-1 factors, c-Fos and c-Jun, in the transcriptional activation of two different types of Pol III promoters-5S rRNA (a type I promoter) and U6 snRNA (a type III promoter). In silico analysis of 5S rRNA and U6 snRNA (RNU6-1) gene promoters revealed the presence of AP-1 response elements upstream of the transcription start sites (Fig. 1A,  B) . Being the homologs of retroviral oncoproteins v-Fos and v-Jun, the AP-1 factors c-Fos and c-Jun have been linked to several neoplasias and cell transformations since their identification [25] . In fact, overexpression of AP-1 factors including c-Fos and c-Jun has been found to be associated with transformation of rat immortalized fibroblasts [31] . Furthermore, the stimulation of AP-1 activity by phorbol-ester 12-o-tetradecanoyl phorbol 13-acetate (TPA) and serum growth factors suggest the involvement of c-Fos and c-Jun in cell growth and proliferation [25, 32] . In fact, in a recent study, ChIPsequencing data of Pol III-encoded tRNA genes showed strong association of c-Fos and c-Jun to these promoters in addition to the well-known regulator c-Myc [17] .
In this context, our data showing the recruitment of c-Fos and c-Jun on 5S rRNA and U6 snRNA gene promoters further strengthens the evidence for proproliferative potential of AP-1 factors and exemplifies another mechanism through which they mediate cellular transformations (Fig. 5) . Moreover, our results show that the expression of both 5S rRNA and U6 snRNA genes essentially peaked during G1/S transition coinciding with the expression pattern of c-Fos and c-Jun during the cell cycle (Fig. 4) . As most of the Pol III transcripts are involved in the production of ribosomes and cellular protein synthesis which are initiated prior to the onset of S phase, our observation on the stimulation of Pol III target genes by AP-1 factors in the same window gains special significance and suggests a novel role of c-Jun and c-Fos proteins in the transcriptional activation of Pol III target genes. The AP-1 family members form either homodimers or heterodimers for binding to their cognate 'cis' elements [33] . As c-Fos monomers do not homodimerize, c-Fos binds DNA only after its heterodimerization with c-Jun monomers. The heterodimerization of c-Jun and c-Fos results in the formation of stable heterodimers which exhibit increased DNA-binding affinity and transactivation potential [34, 35] . The heterodimerization of cFos and c-Jun was evident from enrichment of these AP-1 factors on the Pol III-transcribed promoters of 5S rRNA and U6 snRNA genes (Fig. 5) . Furthermore, a lag in binding of c-Fos on U6 snRNA gene promoter points toward the requirement of Jun/Fos heterodimerization in transcriptional stimulation (Fig. 5) .
The chromatin architecture near the promoter region exerts a profound influence on the rate at which a gene is transcribed. Both ATP-dependent factors and ATP-independent histone modifiers alter chromatin structure in the promoter region in order to facilitate transcription of the corresponding genetic locus. For instance, HAT-mediated histone acetylation in the promoter regions opens up the chromatin and enhances the accessibility of underlying genomic DNA to the components of transcriptional machinery [36] . In this context, the enrichment of acetylated histone marks (H3K9Ac and H4Ac) on both U6 snRNA and 5S rRNA gene promoters in the presence of c-Fos and c-Jun (Fig. 6A,B) suggests a close link between transcriptional activation of these promoters and AP-1 factors. Furthermore, decrease in the levels of both H4Ac and H3K9Ac in the presence of Fos-DN signifies the importance of AP-1 factors in nucleosome remodeling at U6 snRNA gene promoter (Fig. 6) . Not surprisingly, the enhanced histone acetylation was linked to the recruitment of Pol III transcriptional machinery (TBP and RPC53). This was evident from the reduction in histone acetylation following alteration in AP-1 binding in the presence of Fos-DN mutant which was also associated with a concomitant decrease in the promoter occupancy of TBP (Fig. 6 ). p300 and CBP have intrinsic HAT activity and are known to be involved in stimulation of a number of genes [37] [38] [39] . Furthermore, p300 is known to stabilize the binding of TFIIIC to Pol III target gene promoters [16] . Interestingly, both p300 and CBP HATs were recruited onto U6 snRNA promoter during the G1 phase of the cell cycle ( Figs 4A and 6C) . The enrichment of p300/CBP complex prior to the appearance of acetylated histone marks suggests their role in the acetylation of both histone H3 and H4 at the promoter region. Intriguingly, interference with AP-1 binding in the presence of Fos-DN mutant resulted in a considerable decline in the enrichment of p300/CBP complex at U6 snRNA promoter (Fig. 6D) . As c-Jun interacts with p300, a prior recruitment of c-Jun on Pol III target promoters might be essential for the stabilization of CBP/p300 complex in the promoter region. This is of particular significance in case of U6 snRNA promoter wherein two of the AP-1 sites lie in the region occupied by the positioned nucleosome (i.e., between PSE and DSE) [10] . Binding of c-Jun to the AP-1-binding sites upstream of the DSE may facilitate the recruitment of p300 onto the promoter region which might play an essential role in promoting the acetylation of the region lying between PSE and DSE, owing to their proximity in space which has been reported previously [10] . The enhanced histone acetylation in the region occupied by the positioned nucleosome would further promote the recruitment of AP-1 factors along with the Pol III transcriptional machinery at these sites. However, the involvement of some alternative mechanisms in this process cannot be ruled out. Nevertheless, AP-1 factors appear to play a critical role in promoting chromatin remodeling and transcriptional activation of Pol III-transcribed gene promoters.
Taken together, the present study implicates the Pol II-associated transcription factors, c-Jun and c-Fos, in the regulation of Pol III transcriptional activity. This sharing of transcription factors by two distinct classes of RNA polymerases might be essential for the coordinated regulation of gene expression and may perhaps be evolutionarily conserved. In future, it would be interesting to study the involvement of other Pol I-and Pol II-associated transcription factors in the regulation of Pol III-driven transcription.
Materials and methods
Expression plasmids, antibodies, and reagents
Eukaryotic expression constructs for c-Fos and RSV-Jun were kindly provided by A. Weisz (University of Napoli, Italy). Construction of Fos-DN mutant [20] and Luciferase reporter construct U6-pGL3 [40] have been described previously. Basic pGL3 vector was obtained from Promega (Madison, WI, USA).
Antibodies against c-Fos, c-Jun, p300, CBP, and GAPDH were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). ChIP grade antibodies against acetylated histone H3K9 and H4 were from EMD Millipore (Billerica, MA, USA). Antibodies against TBP and RPC53 subunit of Pol III (POLR3D) were obtained from Proteintech (Rosemont, IL, USA). RNA Pol II inhibitor, a-amanitin, was procured from Sigma-Aldrich (St. Louis, MO, USA). Luciferase assay system was purchased from Promega. Other chemical reagents used were SYBR Green Mix (Bio-Rad, Hercules, CA, USA) and Moloney murine leukemia virus reverse transcriptase (M-MuLV RT; Fermentas, Waltham, MA, USA).
Cell culture and transfections
Human embryonic kidney 293 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 100 lgÁmL À1 of penicillin/streptomycin at 37°C in a humidified chamber with 5% CO 2 . For transfection, cells seeded at a density of 0.6 9 10 6 cells in a 60-mm dish or 1.0 9 10 6 cells in a 100-mm dish were transfected with 2 or 5 lg of DNA, respectively using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) as per the manufacturer's protocol. For luciferase reporter assay, 100 ng of U6 pGL3 reporter construct was cotransfected with 1 lg of indicated expression plasmids (unless mentioned otherwise) in a six-well plate seeded at a density of 0.4 9 10 6 cells.
Site-directed mutagenesis
The point mutations in the AP-1 elements in U6-pGL3 construct were generated using the QuickChange site-directed mutagenesis kit (Agilent, Santa Clara, CA, USA) as per the manufacturer's instructions. The mutagenic forward and reverse primers used to mutate the AP-1 sites in U6 snRNA promoter were designed using the manufacturer's guidelines. The sequences of all the primer sets are included in Table S1 . U6-II-pGL3 double mutant (with two AP-1 sites mutated) was generated using U6-c-FP and U6-c-RP SDM primers with U6-d-pGL3 (U6-I-pGL3) construct as a template. For generating U6-III-pGL3 triple mutant (with three AP-1 sites mutated), a double mutant was first generated using U6-b-FP and U6-b-RP SDM primers with U6-a-pGL3 construct as a template. This double mutant was then used as template to generate the triple mutant using U6-c-FP and U6-c-RP SDM primers.
Luciferase assay
Luciferase reporter assay was performed using luciferase assay system following the supplier's instructions (Promega). The relative luciferase activity was calculated after normalizing the luciferase units with the total protein. The results are expressed as mean AE SD of three independent experiments.
Quantitative reverse transcription polymerase chain reaction (RT-qPCR)
Total RNA was isolated using TRIzol reagent according to the manufacturer's instruction (Invitrogen). cDNA was synthesized from total RNA using random hexamer and M-MuLV RT as per the manufacturer's protocol. RT-qPCR was then performed using 19 SYBR green mix (Bio-rad) as described previously [41] using specific primers (Table S2 ). The transcript levels of GAPDH and acidic ribosomal phosphoprotein P0 (ARPP) served as internal controls. The results were analyzed using comparative C T method [42] .
Chromatin immunoprecipitation-qPCR assay
ChIP assays were performed according to EZ ChIP manual (Upstate Biotechnology, Millipore Corp., Billerica, MA, USA). The eluted chromatin was purified using phenolchloroform extraction and precipitated with absolute ethanol. The purified DNA was analyzed by SYBR green-based real-time quantitative PCR (qPCR) using specific primers (Table S2 ). The data obtained were normalized with the input DNA and the results are expressed as fold DNA enrichment over IgG control using the 2 ðÀddCTÞ method, where ddC T = [(C T sample À C T input) À (C T IgG À C T input)] as described previously [43] .
Coimmunoprecipitation and western blotting
Cells were lysed in 19 cell lysis buffer in the presence of protease inhibitor complex (Roche, Basel, Switzerland) for 2 h at 4°C. Amount of protein in the lysates was estimated using Bradford reagent and approximately 1 mg of protein in 500 lL of lysis buffer was immunoprecipitated overnight with 1 lg of indicated primary antibodies at 4°C. The immune complexes were isolated by the addition of Protein A or Protein G Sepharose beads for 2-4 h at 4°C. The immunoprecipitated proteins were eluted by boiling for 5 min in water bath with equal volumes of 29 Laemmli buffer and were resolved by SDS/PAGE for western blotting as described previously [44] .
Statistical analysis
Statistical significance of the results was tested using Student's t-test. Data were expressed as mean AE SD of three independent experiments.
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